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In Brief
Radial intercalation is responsible for the
expansion and thinning of multilayered
tissues during large-scale
morphogenesis, such as epiboly during
gastrulation. Focusing on amphibian
epiboly, Szabo´ et al. show that
intercalation is driven by short-range
chemotaxis of cells toward the usually
immune-associated complement
component C3, produced by the external
tissue layer.
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Radial intercalation is a fundamental process respon-
sible for the thinning of multilayered tissues during
large-scale morphogenesis; however, its molecular
mechanism has remained elusive. Using amphibian
epiboly, the thinning and spreading of the animal
hemisphere during gastrulation, here we provide evi-
dence that radial intercalation is driven by chemo-
taxis of cells toward the external layer of the tissue.
This role of chemotaxis in tissue spreading and thin-
ning is unlike its typical role associated with large-
distance directional movement of cells. We identify
the chemoattractant as the complement component
C3a, a factor normally linked with the immune sys-
tem. The mechanism is explored by computational
modeling and tested in vivo, ex vivo, and in vitro.
Thismechanism is robust against fluctuations of che-
moattractant levels and expression patterns and
explains expansion during epiboly. This study pro-
vides insight into the fundamental process of radial
intercalation and could be applied to a wide range
of morphogenetic events.
INTRODUCTION
Acquiring shape and form in multicellular organisms involves
deformation of epithelial sheets through bending (invagina-
tion), extension through narrowing (convergent extension), and
expansion via thinning (epiboly). During epiboly, the number of
cell layers in a multilayered epithelium is reduced by cell interca-
lation, a process called radial intercalation (RI). RI was first
described during the uniform expansion of the ectoderm in the
animal pole region during amphibian gastrulation (Keller, 1980).
Since then it has been recognized as a general morphogenetic
process involved in a wide range of systems, including fish epib-
oly (Warga and Kimmel, 1990), fly gastrulation (Clark et al., 2011),
amphibian and fish neural folding (Kee et al., 2008), regeneration
of hydra (Kishimoto et al., 1996), and in mammalians during
gastrulation (Yen et al., 2009), gut development (Yamada et al.,
2010), and ear development (Chen et al., 2002). Twomain mech-Developmental Cell 37, 213–22
This is an open access article undanisms have been proposed so far to explain RI. Studies of
amphibian epiboly proposed that RI is driven by adhesion to a
fibronectin matrix accumulated on the basal surface of the ecto-
derm allowing protrusive activity only at the fibronectin-free cell
surfaces (Marsden and DeSimone, 2001; Petridou et al., 2013;
Sugrue and Hay, 1981). However, this would not explain the
intercalation of cells that are not in direct contact with the fibro-
nectin. Studies of teleost epiboly propose cell sorting via differ-
ential cell adhesion as the driving force behind RI (Kane et al.,
2005; Ma´laga-Trillo et al., 2009; Schepis et al., 2012). A gradient
of cell-cell adhesion molecules toward the superficial surface
would drive ectodermal cells to move in the direction of the
gradient, opposite to what the fibronectin hypothesis would pre-
dict (Kane et al., 2005; Ma´laga-Trillo et al., 2009; Schepis et al.,
2012). Although both cell-matrix and cell-cell adhesions are likely
to be involved in some capacity, it is beyond doubt that other
mechanisms are required to fully explain this process.
Using Xenopus laevis, the original model system to study RI,
here we propose a mechanism for epiboly in which the rear-
rangement of ectodermal cells is driven by an unexpected activ-
ity of complement component C3, a factor normally associated
with the immune system (Ricklin et al., 2010; Leslie and Mayor,
2013). In immune cell homing, C3 is cleaved to produce C3a, a
small anaphylatoxin peptide that binds to C3aR and triggers
chemotaxis (Leslie and Mayor, 2013). We developed a compu-
tational model to test the hypothesis that RI is driven by deep
cell (DC) chemotaxis toward superficial ectoderm cells (SCs).
Several predictions of the model were tested in vivo, ex vivo,
and in vitro, confirming the notion that short-range chemotaxis
is required for ectoderm epiboly.
RESULTS
Radial Intercalation during Xenopus Epiboly Is
Accompanied by C3 and C3aR Expression
Epiboly in Xenopus embryos takes place between develop-
mental stages 8 and 11.5 during which the blastocoel roof
(BCR) of the animal pole region expands and thins. At the onset
of epiboly, the BCR consists of a tightly connected superficial
epithelial monolayer (SL; Figures 1A and 1B, red), and a multi-
layered deep layer (DL; Figures 1A and 1B, green) comprising
2–4 tiers of loosely connected DCs (Keller, 1978, 1980). During
epiboly, DCs undergo RI to form a single cell layer (Figure 1B;
Keller, 1980), but they do not invade the SL (Keller, 1978). SCs5, May 9, 2016 ª 2016 The Authors. Published by Elsevier Inc. 213
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Figure 1. Radial Intercalation Is Accompa-
nied by Expression of C3 and C3aR during
Xenopus Epiboly
(A) SEM images of blastocoel roof during epiboly
in Xenopus embryos at stages 8, 10, and 11. False
coloring indicates superficial cells (red), and the
intercalation of outer-deep (light green) and inner-
deep (dark-green) cells.
(B) Schematic illustration of the process of epiboly
in Xenopus shown in (A), including expansion of the
superficial layer (SL) and the RI of the deep cell
layer (DL). Note that the DL does not intercalate into
the SL.
(C and D) In situ hybridization (ISH) reveals C3
expression in the animal (C) but not in the vegetal
(D) pole region during epiboly.
(E and F) Cross-section (E) and zoom (F) of nuclei
and ISH along the dashed line indicated in (C) show
that C3 is expressed in the SL.
(G) Western blot analysis showing differential
expression of C3a and C3aR in the SL and DL
of stage 10 embryos, respectively. Loading control,
vinculin.change from cuboidal to squamous shape as the whole tissue
expands.
In embryos undergoing epiboly, the complement component
C3 is expressed at the expanding animal pole region (Figure 1C;
in situ hybridization [ISH]) while absent in the ingressing vegetal
pole (Figure 1D). Cross-sections along the BCR region indicate
that C3 is specifically expressed in the SL (Figures 1E and 1F).
Western blot analysis of separated SL and DL samples from
stage 10 embryos shows the specificity of the C3a peptide to
the SL and the presence of its cognate receptor C3aR in the
DL (Figure 1G).
C3 and C3aR Are Required for Radial Intercalation
To investigate the role of C3 and C3aR on RI, we analyzed
the number of cell layers of the BCR in loss-of-function experi-
ments using antisensemorpholino oligonucleotides (Mos) against
C3aR (C3aRMo; Carmona-Fontaine et al., 2011), C3 (C3Mo; see
Supplemental Information for controls) or antibodies against214 Developmental Cell 37, 213–225, May 9, 2016C3a (C3aAb; Carmona-Fontaine et al.,
2011). Treatments left the tissue geometry
unaffected prior to RI (Figure 2A) but led to
a higher number of cell layers after epiboly
when compared with control (Figures 2B
and 2C) and eventually led to failure of
blastopore closure and altered internal
embryo structure (Figure S1). Importantly,
control and rescue experiments and anal-
ysis of protein levels establish the speci-
ficityof theseblockingreagents (FigureS2).
Further characterization of these inhibitors
shows that all of them produce the same
phenotype, and thereforeherewedescribe
only one of them (C3aR depletion), except
where mentioned otherwise.
It has been suggested that cell-cell
adhesion (Kane et al., 2005; Ma´laga-Trilloet al., 2009; Schepis et al., 2012) and adhesion to fibronectin
(Marsden and DeSimone, 2001; Petridou et al., 2013) are impor-
tant for epiboly. To test if C3aR inhibition blocked epiboly by
interfering with cell adhesion, we performed adhesion and sort-
ing assays, finding no difference between control and C3aR-
depleted cells (Figure S3). DC adhesion to fibronectin and fibro-
nectin deposition in the BCR were found to be unaffected by the
absence of C3aR (Figure S4). Germ layer specification, indicated
by the expression of several known ectodermal andmesodermal
markers, was normal after C3aRMo injection (Figure S5). In addi-
tion, C3aRMo injection had no observable effect on the cell size
(17 ± 2 mmCoMo, 18 ± 6 mmC3aRMo) or number of cell divisions
(1.3 ± 0.2 CoMo, 1.4 ± 0.2 C3aRMo, n = 200 cells). In conclusion,
germ layer specification, cell adhesion, cell size, and proliferation
are unaffected in embryos lacking C3aR.
To address whether the effect of C3aR inhibition on epiboly
is independent of the SL, we blocked C3aR specifically in the
DL by using a modified BCR explant culture (Marsden and
Figure 2. C3 and C3aR Are Required for
Radial Intercalation
(A and B) Sections showing the blastocoel roof
before (A, stage 8) and after (B, stage 11) epiboly
in control and treated embryos. Embryos deficient
in C3aR (C3aRMo), treated with C3a antibody
(C3aAb), or suppressed C3 expression (C3Mo)
remain thick and multilayered by the end of epiboly
(red, nucleus; green, membrane; white bars indicate
tissue thickness). In contrast, the tissue thins into a
dual-layered epithelium in control (CoMo) embryos.
(C) The number of cell layers by the end of epiboly
is increased with C3aRMo (n = 62), C3a antibody
(C3aAb; n = 30), or C3Mo (n = 60) when compared
with control embryos, indicating the lack of RI in the
absence of C3 signaling.
(D) Schematic of the ex vivo intercalation assay
showing the explant from the side. A dashed rect-
angle indicates the focal range of imaging, which
includes the top region of the DL that is in close
vicinity of the SL.
(E) Frames from time-lapse recording in the ex vivo
assay show intercalating DCs (*) in a control (CoMo)
and C3aR-deficient (C3aRMo) tissue explants.
(F) The number of DCs that intercalate is significantly
lower in C3aRMo tissues than in control tissues,
showing that intercalation ishampered in theabsence
of C3aR signaling.
Data are represented as means ± SD, t test signif-
icances are ***p < 0.001, **p < 0.01. See also Fig-
ures S1–S5.DeSimone, 2001). Briefly, the DL from a mosaic labeled embryo
was cultured on a dish underneath an SL from an unlabeled
control embryo and imaged from above using time-lapse mi-
croscopy. The unlabeled SL allows imaging of the apical
(top) portion of the DL in close vicinity of the SL (Figure 2D). In
this ex vivo assay, intercalation of DCs is observed as newly
emerging or disappearing cells, as these cells enter or leave
the top portion of the DL (Figure 2E, asterisks mark intercalation;
Movie S1, blue tracks). The ratio of such intercalating cells and
cells that do not leave the visualized plane (intercalation per-
centage) in C3aRMo explants is severely reduced compared
with the ratio found in CoMo explants, which indicates that
C3aR activity is directly involved in RI at the BCR independently
of the SL (Figure 2F).
Radial Intercalation Driven by C3 Chemotaxis
A well-characterized activity of C3a is to promote chemotaxis
during immune response through binding to its receptor C3aR
(Leslie and Mayor, 2013). C3a/C3aR induce a similar function
during development, whereby they promote cohesion through
autocrine chemotaxis of the migrating neural crest cells (Car-
mona-Fontaine et al., 2011). Based on these observations, we
hypothesized that RI is driven by close-range chemotaxis of
the DCs toward the C3a producing SCs (Figure 3A).
We turned to computational modeling to test this hypothe-
sis. We implemented a cellular Potts model (Graner and
Glazier, 1992) with a quasi-2D cross-section of the BCR
including an SL in which all SCs secrete a chemoattractant
(Figures 3A and 3B), resulting in an emergent gradient (Fig-
ure S6A). ISH shows a mosaic expression of C3 (Figure 1C),therefore we also tested an alternating production pattern in
the SL and found that the emerging chemoattractant gradient
is largely insensitive to the secretion pattern (Figures S6B–
S6D). As both patterns of expression generate the same result
in the model, we only show a uniform secretion pattern for
the rest of the study. DC chemotaxis is implemented by
increasing the probability of cell displacements toward higher
concentrations of the chemoattractant (Merks et al., 2004).
Upon reaching the SL, DCs form an elastic bond with their
SC neighbors with a probabilistic rule that allows for dynamic
cell-cell adhesions. Such bonds have been shown to control
tissue viscosity (Cziro´k et al., 2013) and may describe any
mechanical resistance of the cells to change their distance,
including but not limited to cell adhesion. During the course
of the simulated 4 hr real time, all cells undergo one division
without cell growth which corresponds to two divisions in
the 2D tissue (Keller, 1980). For more details, see Supple-
mental Information.
Starting from two layers of DCs (Figure 3B, green; shades are
only visual aid) and a single SC layer (red), the simulated tissue
thins to produce a single layer of DCs via RI. In the absence of
chemotaxis, intercalation is severely reduced and the average
thickness of the tissue remains higher than with chemotaxis (Fig-
ures 3B and 3C; Movie S2). This change in thickness is compa-
rable with the change observed in the BCR thickness in vivo at
the end of epiboly in control (CoMo) or C3aR/C3-inhibited
(C3aRMo, C3aAb, C3Mo) embryos (Figure 3D). Total tissue
thickness in silico is largely insensitive to the cohesion between
the DL and SL, which only influences the thickness ratio of the
SL and DL (Figure S6E).Developmental Cell 37, 213–225, May 9, 2016 215
Figure 3. Chemotaxis-BasedRadial Interca-
lation Hypothesis and Computer Simulation
(A) Hypothesis: chemotaxis of DCs (green) toward
SCs (red) via C3a drives RI and consequent tissue
thinning.
(B) Computer simulations of the hypothesis
showing the initial (00) and final (2400) cell configu-
rations with chemotaxis (Chem+) and without
chemotaxis (Chem-). Coloring as in Figures 1A and
1B, for visual aid only.
(C) Tissue thickness, measured in units of cell
diameter after epiboly (20 mm), is significantly
increased insimulationswithoutchemotaxis (n=30).
(D) In vivo tissue thickness, measured in units of
cell diameter after epiboly (20 mm), is significantly
higher in embryos with either impaired C3 re-
ceptors (C3aRMo, n = 62) or C3 ligands (C3aAb,
n = 35; C3Mo, n = 62) compared with control
embryos (CoMo).
(E) Prediction of bidirectional intercalation. In sil-
ico, DCs intercalate both toward the secreting SL,
driven by chemotaxis, and against the chemo-
tactic gradient away from the SL, driven by volume
exclusion.
(F) In silico DC movement toward the SL (Out) is
only slightly more frequent than movement away
from it (In). Direction of DC intercalation measured
in the intercalation assay (ex vivo, see Figure 2)
confirms the model’s prediction.
Error bars: SD, significance **p < 0.01, ***p <
0.001. See also Figure S6.Although chemotaxis actively drives DCs toward the SL, the
model predicts passive cell movement in the opposite direction
as well (Figure 3E). The percentage of DC movement toward the
SL (Out, 51.3% ± 0.2%) is only slightly higher in silico than move-
ment away from the SL (In, 48.1% ± 0.1%; Figure 3F). We tested
this prediction using the ex vivo assay (Figure 2D), where the ratio
of DCs intercalating toward the SL (appearing, light blue tracks in
Movie S1) and DCs intercalating away from the SL (disappearing,
dark blue track inMovie S1) showed a similar bidirectionality (Out,
50%±3%; In, 50%±2%;Figure 3F).Movement away from theSL
is explained by volume exclusion in silico, but we cannot rule out
other mechanisms ex vivo, such as repolarization upon contact
(Ho¨pker et al., 1999). These results, together with recent in vivo
data on RI during zebrafish epiboly showing bidirectional interca-
lation (Bensch et al., 2013), confirm the bidirectional movement
predicted by the computational model.
Taken together, our in silico results support the hypothesis
that RI is driven by chemotaxis. Next, we explore the experi-
mental foundation for the chemotactic interaction.216 Developmental Cell 37, 213–225, May 9, 2016Testing C3 Chemotaxis of the Deep
Cells
To test chemotaxis, the basic assumption
of our hypothesis, we utilized a classical
chemotaxis assay by culturing deep and
superficial explants at a distance (Fig-
ure 4A). Our computational model pre-
dicts that, in the presence of chemotaxis,
the DL explant will move toward the SL
explant and, in the absence of chemo-taxis, the clusters remain stationary (Figures S6F–S6G). Next,
we cultured and tracked different combinations of DC and SC
explants in vitro. In line with the predictions, the otherwise non-
motile DC explants exhibit directional movement toward non-
motile SCs cultured nearby (Figures 4B–4D; Movie S3; see
also Figures S6H and S6I for persistence and speed). This move-
ment is compromised when C3 is inhibited in SCs or when C3aR
is inhibited in DCs (Figures 4E and 4F), showing that chemotaxis
of the DCs toward the SCs is dependent on the C3a/C3aR axis,
and that the amount of C3a produced by the SCs is sufficient for
chemotaxis. The specificity of C3a in this chemotaxis is shown
by the directional movement of DC explants toward a localized
source of purified C3a, but not toward a mutant form of C3a
(C3aDesArg) that is unable to bind the receptor (Honczarenko
et al., 2005) (Figures 4G–4I; Movie S4). As summarized by the
chemotaxis indices (Figure 4J), we conclude that DC chemotaxis
toward SCs is C3a/C3aR dependent, in line with the in silico
measurements (Figure 4K). In vivo, the short distance between
the SL and DL could allow a similar chemotaxis to occur in spite
Figure 4. C3a-Based Chemotaxis between
Cells of the Deep and Superficial Layers
(A–K) Testing the basic assumption of the model.
Classical chemotaxis assay using DL and SL ex-
plants (A), or DL explants with purified C3a protein
(G). Trajectories of SL (B) and DL (C–F, H, and I)
explants, and DL chemotaxis toward non-func-
tional (C3aDesArg, H, n = 35) and functional (I, n =
38) C3a source with corresponding chemotaxis
indices in vitro (J) and in silico (K). Error bars: SD.
See also Figure S6.of the apparently low levels of C3a detected in the SCs by west-
ern blot (Figure 1G).
Such behavior in vivo is expected to generate a higher number
of cell protrusions on the sides of DCs facing the SL. Direction of
DC protrusions measured on scanning electron microscopy
(SEM) images of fixed and fractured embryos during gastrulation
revealed protrusions in all directions but with a very strong bias
toward the SL (Figures 5A–5E and S6J). This finding suggests
that chemotaxis is also present in vivo during the RI of the BCR.
Dynamic protrusive activity at the DL surface proximal to the
SL was observed in our ex vivo assay, where the top portion of
the DL explant is imaged from above through the SL (Figures
5F–5N). Protrusion formation was apparent in CoMo explants
where stained DCs are adjacent to unlabeled DCs (Figure 5F,
arrowheads). Protrusions were less frequent and smaller in
C3aRMo explants (Figure 5G;Movie S5). Protrusions were quan-
tified using the protrusion-retraction method (Scarpa et al.,
2015). The area of these protrusions shows a significantly higher
protrusive activity in control (CoMo) versus treated (C3aRMo) ex-
plants (Figures 5I and 5J). DL explants were imaged solely in the
proximity of the SL, therefore any protrusion is indicative of pro-
trusive activity toward or nearby the SL (Figure 5K). Protrusive
activity between labeled DCs of CoMo explants is detected as
increased levels of membrane staining caused by the overlap
of protrusions at the cell surface (Figure 5L, red pseudocoloring).
The threshold for the membrane signal to be considered as pro-
trusive activity is set to match the level of a tissue with quasi-
static boundaries. Activity is reduced in C3aRMo-treated DL
explants (Figure 5M; Movie S5), also shown by the reduction of
protrusive activity area per cell (Figure 5N). In conclusion, protru-
sive activity analyzed by SEM or by live imaging shows that most
of the protrusions of DCs point toward the SCs, which is consis-
tent with chemotaxis of DL cells toward the SL.
In the following, we explore an implication of the model, and
then study its behavior while perturbing the level and the locali-
zation of the chemoattractant.
Tissue Expansion Requires C3 Signaling
Our chemotaxis-based in silico model of RI predicts the expan-
sion of the whole tissue. This expansion is concomitant with
RI and depends on chemotaxis (Figures 6A–6C; Movie S2). DL
expansion in our model is transmitted to the SL locally via anDeveloeffective friction reducing the shear, rela-
tive movement between the SL and DL
as a result of the elastic links between
DCs and SCs. Consequently, the DLexpands slightly more than the SL, which is in agreement with
previous experimental observations (Keller, 1980; Bauer et al.,
1994). We tested the prediction that expansion during epib-
oly depends on DC chemotaxis using time-lapse imaging of
CoMo- andC3aRMo-treated embryos (Figure 6D). The expected
expansion of the animal pole in CoMo embryos was observed
through the increase in distance of SC pairs over time (Figures
6E; Movie S6). When RI was blocked using C3aRMo, SCs in
the animal pole remained at an approximately constant distance
from one another (Figure 6F), supporting the in silico prediction.
In order to test whether the interaction between the SL and DL
is sufficient to drive this expansion independently of the rest of
the embryo, we used our ex vivo assay where only the SL and
DL are present (Figure 6G). We observed that the distance be-
tween DCs generally increased over time in CoMo explants but
not in C3aRMo explants (Figures 6H and 6I), showing that the
interaction between SL and DL is sufficient to drive expansion
in a C3aR-dependent manner.
Expansion in all three systems (in silico, in vivo, and ex vivo)
showed a significant reduction in the absence of chemotaxis
or C3aR (Figure 6J). Expansion was quantified by measuring
how the distance of tracked cell pairs changes during imaging.
For a given cell pair, the expansion is E = (df  di)/di, where df
is the final distance and di is the initial distance. Expansion of
the tissue is the average of expansions for all measured cell
pairs. We observed a slight expansion in the Mo-treated speci-
mens, which is unexplained by our model. This expansion could
result from any remaining functional C3aR due to incomplete
blocking by the Mo in the experiments as opposed to perfect
inhibition in the model. We cannot exclude the possibility of an
alternative expansion mechanism acting independently of RI,
such as cell-autonomous expansion in the SL. However, as the
majority of expansion is lost uponC3aR inhibition, any alternative
mechanism is expected to play a minor role during BCR epiboly.
Our simulations show that this mechanism could also drive
thinning of tissues that have a higher number of cell layers than
Xenopus ectoderm, such as zebrafish epiboly (Figure S7A).
Furthermore, we simulated experiments in which DCs were
depleted, showing that there was no major effect on tissue
expansion (Figures S7B and S7C), indicating the robustness of
our model. In conclusion, our combination of simulations and
experiments show for the first time that RI is required for thepmental Cell 37, 213–225, May 9, 2016 217
Figure 5. DC Protrusion Analysis
(A–E) Direction of DC protrusions in vivo (arrow-
heads, A–C) was measured in relation to the SL
external surface (D) to reveal a bias toward the
SL (E, n = 64 embryos, 1445 protrusions).
(F and G) Frames from time-lapse imaging showing
DC protrusions (arrowheads) ex vivo (see Fig-
ure 2D). Protrusions are apparent in the vicinity of
the SL in control (CoMo) but not in the C3aRMo-
treated explants. Green, membrane; red, nuclei.
(H–J) Protrusionactivity in the ex vivoassay analyzed
using the extension-retraction method. Red shows
the difference in membrane signal (green) between
frames 3 min apart (H). The difference reveals the
extending protrusions (I, purple).
(K–N) Ex vivo apical protrusive activity of DCs
(L and M: green, membrane; red, protrusion; blue,
nuclei) is decreased in C3aR-deficient explants
(N: n = 32; ***p < 0.01; error, SD).expansion of an adjacent tissue that does not participate in inter-
calation, and that a minimal of two DC layers are required for this
process.
Chemoattractant Levels Modulate the Extent of Radial
Intercalation and Extension
We investigated how the behavior of the model depends on
the amount of chemoattractant in the system. Chemoattrac-
tant levels in the model are dynamically controlled by the
secretion and decay rates, and the diffusion parameter, which
together give rise to a quasi-steady concentration field. As
these parameters are not directly accessible experimentally
in vivo, here we measure the relative amount of chemoattrac-
tant produced in the SL in silico as a result of changing the
secretion rate. A reduction of the produced chemoattractant
levels to half did not impede RI, and tissue expansion was still
visible in silico (Figure 7A, 0.53). Increasing the chemoattrac-
tant levels by the same amount increased tissue expansion
(Figure 7A, 1.53; Movie S7). In silico tissue expansion in-
creases rapidly even at low levels of chemoattractant but
saturates at around triple concentration levels, where the tis-
sue expands to slightly over double its linear size (Figure 7B,
black). Tissue thickness similarly drops rapidly as the chemo-
attractant level is increased and reaches saturation (Figure 7B,
red). Therefore the model predicts a slight reduction of epiboly
at lower C3 expression levels but still noticeable epiboly even
at levels as low as 10%.
To test this prediction, we analyzed C3 expression in subre-
gions within the same embryo using ISH and found a consider-
able difference between the dorsal and ventral sides of the218 Developmental Cell 37, 213–225, May 9, 2016animal pole compared with the overall
average in the whole-animal cap (Figures
7C and 7D). We found significantly higher
expansion in the dorsal regions than in
ventral regions as predicted by the model
based on the same expression levels
(Figures 7E and 7F). We conclude that
this asymmetry in C3 expression might
contribute to the known dorsoventralmorphogenetic differences in gastrulation of Xenopus embryos
(Bauer et al., 1994).
Localization of the Chemoattractant Source
Finally, we tested how the localization of the chemoattractant
source within the tissue affects its morphogenesis. For this we
compared simulations of normal chemoattractant expression
(Control, Figures 8A and 8E) to simulations where no chemoat-
tractant is present (Inhibition, Figures 8B and 8F), or is produced
by all cells (Ubiquitous, Figures 8C and 8G), or is produced only
in a restricted region of the SL (Localized, Figures 8D and 8H). As
expected, inhibition resulted in thicker tissues than in controls.
More surprisingly, a ubiquitous expression in the SL and DL
resulted in tissue thinning similar to the control case in silico (Fig-
ure 8C). While a ubiquitous expression in uniformly packed
tissues is expected to eliminate any chemotactic gradients,
cell-free regions in our system take up a considerable volume.
These regions represent the blastocoel cavity immediately below
the DL and the external space above the SL. The chemoattrac-
tant diffuses from the cellular region into the cell-free area and
is diluted in the comparatively large cavity of the blastocoel,
giving rise to a gradient with decreasing concentration levels
from the cellular region toward the blastocoel cavity (Figure 8G).
Membranes of the DCs at the cavity edge fluctuate stochasti-
cally, extending into and retracting from the cavity. Membrane
extensions into the cavity now occur against the generated
chemotactic gradient, and therefore these are suppressed in
the model. Through such a ratchet mechanism, this gradient
directs cells from the edge of the blastocoel cavity toward the
SL and promotes intercalation. In contrast, overexpression in
Figure 6. C3 Signaling Is Required for
Epithelial Expansion
(A–C) Model prediction of tissue expansion as a
consequence of chemotaxis-driven RI. In the
presence of chemotaxis, both the SL and DL
expand simultaneously with RI (B, coloring for vi-
sual aid only), while no expansion is observed
without chemotaxis (C).
(D–F) Time-lapse imaging of epiboly in live embryos
(D) reveals that while SCs drift away from one
another following CoMo treatment (E), the distance
of SCs in C3aR-deficient embryos does not in-
crease (F) during the process.
(G–I) Ex vivo study of tissue expansion using the
intercalation assay (G). Cells in the DL separate as
the isolated tissue undergoes expansion (H). This
expansion is lost in tissues lacking C3aR (I).
(J) Quantification of tissue expansions as the dif-
ference in the final and initial distances relative to
the initial distance of tracked cell pairs in silico,
in vivo, and ex vivo. Error, SD; significance, **p %
0.01, ***p < 0.001. See also Figure S7.uniformly packed tissues could not produce such a gradient due
to the lack of cell-free regions. The mechanism is less efficient
with ubiquitous expression than with the segregated expression
of the control case. Finally, a localized source of chemoattrac-
tant in the SL (Figure 8D, red) is unable to rescue local tissue
thinning in silico. The chemotactic gradient in this setting does
not only contain a radial component but also has a significant
tangential component that is parallel to the SL-DL interface (Fig-
ure 8H). This gradient is attracting DCs from lateral regions and
paradoxically leads to tissue thickening at the region of the active
tissue.
To test these predictions, we measured the thickness of the
BCR cross-section in stage 11 embryos after epiboly in condi-Develotions related to the model simulations
(Figures 8I–8L, white bar marks tissue
thickness). Control and inhibition mea-
surements were performed in CoMo-and
C3Mo-treated embryos (Figures 8I and
8J). Ubiquitous expression was achieved
by C3a mRNA injection leading to C3a
overexpression in all cells and RI as
predicted (Figure 8K, see also Figures
S2A–S2E). Localized C3 expression was
achieved by grafting a piece of SL from
a C3a mRNA-injected embryo (marked
with RLDx in Figure 8L) into a C3Mo-
treated host embryo. After healing, at
stage 11 the tissue at the region of the
graft was observed to be thicker than in
either the control or the inhibited case indi-
cating cell accumulation under the graft
and confirming our prediction.
Quantification of tissue thicknesses
shows the similarity of in silico predictions
and in vivo validation (Figure 8M); while
inhibition leads to significantly thicker
tissues due to the lack of RI, ubiquitousoverexpression shows no significant difference to the control.
Note that, in silico, the phenotype is rescued with a 1.3-fold in-
crease in expression levels, while the same expression levels
result in a slightly but significantly thicker tissue (2.75 ± 0.08
cell diameters) than the control (2.3 ± 0.05 cell diameters). This
shows that the ubiquitous expression pattern gives rise to a
less efficient mechanism for thinning. A localized source of che-
moattractant produces a significantly thicker tissue in the active
region than the control, even surpassing the thickness of the
passive, inhibited condition.
In summary, the counterintuitive predictions of the ubiquitous
and localized sources and their experimental validation show
that this chemotaxis-based morphogenetic mechanism is bothpmental Cell 37, 213–225, May 9, 2016 219
Figure 7. DorsoventralDifferences inExpan-
sion Explained by Differential C3 Expression
(A) The extent of thinning and expansion depends
on the level of chemoattractant in the SL in silico.
(B) Tissue expansion and thickness shown after
4 hr in simulations as a function of chemoattractant
levels.
(C and D) Approximation of C3 levels in vivo using
intensity levels from ISH of a stage 10 embryo re-
veals differential expression in theanimal capwith a
reduced level in the ventral region (66% compared
with the whole-animal cap) and an increased level
in the dorsal region (172%).
(E and F) Expansion in vivo in the ventral and
dorsal areas of the animal pole. Expansion in
the dorsal regions was significantly higher (n =
20) than in the ventral regions, as predicted
by the model. Error bars in (B) and (F) show
the SD; error bars in (D) show uncertainty of
sampling. Significance ***p < 0.001, *p < 0.05.robust and distinct from other chemotaxis processes where
ubiquitous expression of the ligand impairs directional move-
ment (e.g., chemotaxis of germ cells toward SDF-1; Doitsidou
et al., 2002).
DISCUSSION
Here we present a molecular mechanism for RI based on short-
range chemotaxis that can facilitate thinning and expansion of
multilayered epithelia. In silico modeling of epiboly enabled us
to predict intercalation dynamics, and sensitivity to chemotactic
levels and localization. These predictions were tested in support
of our hypothesis using a combination of in vivo, in vitro, and
ex vivo assays.
We chose to study RI during Xenopus epiboly, where it was
first described (Keller, 1980). We show that in this system,
chemotaxis and consequent RI are driven and directed by the
complement component C3 and its receptor C3aR. Although
these components are best known for their role in the immune
system, an increasing body of evidence suggests that these
and other parts of the immune system are involved in functions
unrelated to their immune function (Denny et al., 2013; Be´nard
et al., 2004; Hawksworth et al., 2014; Leslie and Mayor, 2013).
C3a, together with C5a, has been shown to play a role in regen-
eration of a vast variety of tissues through promoting cell
survival, proliferation, differentiation, and chemotaxis (Schrauf-
statter et al., 2015). During early development, the presence of
C3 and its receptor has been reported in the Xenopus gastrula
(McLin et al., 2008) and mouse neurula (Jeanes et al., 2015),
however, their function in these contexts remained unknown.
The function of C3 signaling has been identified in the migrating220 Developmental Cell 37, 213–225, May 9, 2016neural crest (NC), where it promotes
cohesion of the migrating collective (Car-
mona-Fontaine et al., 2011). Importantly,
C3 and C3aR are expressed in the same
cells during NC migration, and therefore
the mechanism of chemotaxis utilized
by the NC differs from the one proposedhere, where expression of C3 and its receptor is segregated
(Carmona-Fontaine et al., 2011; Woods et al., 2014).
Separation of ligand and receptor has been reported in many
chemotaxis processes, such as during the in vivo chemotaxis of
primordial germ cells (PGCs) in zebrafish (Doitsidou et al., 2002)
or the short-range chemotaxis of leukocyte trafficking through
the vascular endothelium (Zabel et al., 2015). In such systems,
the localization of the source determines the behavior, which
can be tested under at least three extreme conditions. First, a
complete inhibition of the source leads to the lack of directional
migration, as observed for PGCs (Doitsidou et al., 2002) and in
our cells in vitro (Figures 4C, 4E, and 4H). In vivo, the absence
of chemoattractants led to the severe reduction of intercalation
and of thinning (Figures 2 and 8J), as predicted in silico (Figures
8B and 8M). Second, if the chemoattractant is expressed in all
tissues ubiquitously, the chemoattractant gradient is lost and
chemotaxis is expected to fail, as seen for the PGCs (Doitsidou
et al., 2002). However, ubiquitous expression in our system
does not share the phenotype with the inhibited case (Figure 8K)
and is not predicted to do so (Figure 8C). In this specific geom-
etry, the relatively thin tissue is bound by the vast blastocoel
cavity, which acts as a sink for the chemoattractant and gives
rise to the gradient (Figure 8G inset). Such source-sink systems
are known to produce robust and steep gradients (Majumdar
et al., 2014) and have been described in vitro (Volpe et al.,
2012; Scherber et al., 2012) and have been suggested in vivo
(Yu et al., 2009; Boldajipour et al., 2008; Dona` et al., 2013).
Nevertheless, our model demonstrates that this mechanism is
less efficient than the control, which could explain the segrega-
tion. Finally, an ectopically localized source is expected tomisdi-
rect chemotaxing cells. As our chemotaxis-based hypothesis
Figure 8. Localization of Chemoattractant
Source Determines Radial Intercalation
(A–H) Simulated cell configurations and corre-
sponding chemoattractant levels at the end of
epiboly with different localizations of chemo-
attractant production: only in the SL (Control, A, E),
nowhere (Inhibition, B, F), in every cell (Ubiquitous,
C, G), and in a restricted region of the SL (Local-
ized, D, H, producing region shown in red).
(I–L) Experimental validation of the predicted
behavior showing sections of the blastocoel roof of
stage 11 embryos. Red, nucleus; green, mem-
brane; graft in (L) marked with cytosolic RLDx.
White bar indicates tissue thickness.
(M) Quantification of tissue thickness, measured in
units of cell diameter after normal epiboly (20 mm),
for the four settings in silico and in vivo. Error, SD.
Significances compared with relevant control: *p <
0.05, **p < 0.01, ***p < 0.001; ns, p > 0.05. 1.33
Chem denotes 1.3-fold overexpression in both
DCs and SCs.predicted, we found that introducing a local source of chemo-
attractant into a depleted embryo directs the cells toward
this ectopic source to create a thick accumulation (Figure 8).
Notably, this local re-establishment of the chemoattractant ac-
tivity did not produce a local rescue. Taken together, our exper-
iments of perturbed chemoattractant localization show that both
our hypothesis and experimental setup behave as a chemotactic
system.
Our results show that chemotaxis and DL intercalation are
largely required for the expansion of the whole tissue occurring
during epiboly, and that this expansion is independent of the
rest of the embryo. Expansion of the non-intercalating SL is ex-
plained by our model through an effective friction between the
DL and SL representing general cell adhesion or other indepen-
dent mechanical interactions (Bergert et al., 2015). An alternative
explanation for the SL-DL interaction with a similar expected
result is that contact with the DCs could lower the basal surface
tension of the SL in a C3/C3aR-dependent manner, allowing it to
expand (Luu et al., 2011). As DL expansion in our model is driving
SL expansion, the SL cannot expand beyond the DL. However,
simulations with localized expression (Figure 8) reveal that the
secreting region must be at least the same size as the receptive
tissue; otherwise DCs outside the active region counteract
expansion. While the boundary region of the SL and the neigh-
boring mesoderm are beyond the scope of this study, we can
contemplate that a yet unknown mechanism is at work to auton-
omously expand the SL beyond the DL. Such a mechanism is
expected to act independently of C3 signaling, as its receptor
is not expressed in the SL.
An apparently equivalent chemotaxis-based mechanism has
been reported for the RI of the prechordal mesoderm (PCM)Developduring Xenopus gastrulation (Damm and
Winklbauer, 2011). These cells involute
and subsequently migrate away from
the blastopore against the expanding
BCR. Cells of the PCM chemotax to-
ward platelet-derived growth factor A
(PDGF-A), produced by the nearby BCR,leading to the RI of the PCM,much like in the case of the expand-
ing animal pole. Due to experimental limitations, expansion of
the PCM is less accessible than the expansion analyzed in our
system. It is tempting to speculate that the two processes share
the same mechanism, and therefore any expansion resulting
from the RI of the PCM may contribute to the expansion of
the BCR, however this remains to be explored.
Our mechanism acts independently of the previously proposed
adhesion-based mechanisms of epiboly and does not exclude
them, as shown by the unaltered cell-cell adhesion and cell-fibro-
nectin adhesion properties after blocking C3 signaling (Figures S3
and S4). The effect of C3 onDCprotrusive activity is different from
alternative adhesion-based hypotheses where a direct contact
would be essential, e.g., DC protrusions promoted or stabilized
on the surface of SCs, as supported by our observation that local
C3 expression leads to accumulation of multiple layers of DCs
around the active region, affecting even DCs that are not in direct
contact with the SCs (Figure 8L). Nevertheless, our data do not
exclude an essential role for fibronectin in epiboly, such as
polarizing cells (Marsden and DeSimone, 2001; Petridou et al.,
2013), preventing elevated tension in the animal cap (Petridou
et al., 2013), regulating protrusions (Davidson et al., 2006), or
even sequestering C3a to contribute to the gradient (Carmona-
Fontaine et al., 2011). However, it is unlikely that these effects
of fibronectin are sufficient to account for epiboly, as the matrix
appears only hours after epiboly starts, and inhibition of cell-fibro-
nectin binding is unable to affect the first half of epiboly (Marsden
and DeSimone, 2001; Davidson et al., 2004). Therefore it is
possible that C3 is required for the initiation and direction of RI
andepibolicmovements,andfibronectin is required for supporting
and maintaining these movements during epiboly. Gastrulation ismental Cell 37, 213–225, May 9, 2016 221
disrupted by blocking either C3 signaling (Figure S1) or cell-fibro-
nectin binding (Marsden and DeSimone, 2001; Petridou et al.,
2013), showing the importance of epiboly for blastopore closure.
Furthermore, epiboly also depends on the correct alignment of
SCdivisions throughopposingapicobasal forces tokeep theplane
of divisionparallel to theSL (Woolner andPapalopulu, 2012).Upon
disruptionof these intracellular forces,SCsdivideoutof theepithe-
lial plane and consequently epiboly is compromised (Woolner and
Papalopulu, 2012). In-plane cell divisions have been shown to
orient in order to relieve anisotropic tissue tensionwithin the envel-
oping layer during zebrafish epiboly (Campinho et al., 2013). How-
ever, de-coupling of division orientation from tissue tension did
not markedly hamper the progress of epiboly, although it led to
abnormal fusion of the EVL cells (Campinho et al., 2013). While
tissue organization in C3/C3aR-depleted embryos is affected,
we observed no effect on the division of SCs in these embryos,
making it unlikely that C3 signaling would be directly involved in
the control of SC division.
Although the graded expression of E-cadherin required for the
cell-cell adhesion-basedmechanism is controversial (Song et al.,
2013), there is strong evidence that the dynamics of E-cadherin is
essential for epiboly in zebrafish (Babb and Marrs, 2004; Kane
et al., 2005; Song et al., 2013; Shimizu et al., 2005; Arboleda-Es-
tudillo et al., 2010). This dynamic cell adhesion is consistent with
our model where DCs slide past the SL, similar to what has been
proposed for the migration of prechordal plate mesendoderm,
germ, and border cells (Ulrich et al., 2005; Kardash et al., 2010;
Ulrich and Heisenberg, 2009; Cai et al., 2014), and also with
recent data showing that guided cellmigration in vivo requiresdy-
namic filopodia (Meyen et al., 2015). Thus differential adhesion
and chemotaxis could be acting in parallel. It would be interesting
to know if an equivalent chemotactic mechanism of RI and epib-
oly based on the same C3a/C3aR molecules also operates in
other animal models, such as zebrafish; however, the identifica-
tion of the chemoattractant may be hampered by the presence of
multiple C3 genes found in zebrafish (Forn-Cunı´ et al., 2014).
In summary, here we identify a molecular mechanism for
RI based on short-range chemotaxis. We demonstrate that
this mechanism is also involved in generating expansion during
epiboly, both in the intercalating DL and non-intercalating SL.
Chemotaxis in our particular study system is driven by the com-
plement component C3, which has only been implicated in
autocrine chemotaxis during development (Carmona-Fontaine
et al., 2011). While the exact molecules may vary, this general
mechanism of RI is likely to operate in other various epithelial
morphogenetic events throughout developmental and patholog-
ical processes.EXPERIMENTAL PROCEDURES
Embryology
Xenopus laevis embryos were obtained by in vitro fertilization andmanipulated
as previously described (Keller, 1978). Stages were determined according to
Nieuwkoop and Faber (1967). Injections were performed in the animal blasto-
meres of 2- to 8-cell-stage embryos. Animal licenses were approved by the
Home Office and University College London.
Staining and Imaging
The following probes were used: C3 (Carmona-Fontaine et al., 2011), Keratin
(Kuriyama and Mayor, 2009), Xbra (Kuriyama and Mayor, 2009), Crescent222 Developmental Cell 37, 213–225, May 9, 2016(Ploper et al., 2011), and Wnt8 (Steventon et al., 2009). Histological sections
and immune staining were performed as described elsewhere (Marsden and
DeSimone, 2001). Western blot and SEM were executed as previously
described (Carmona-Fontaine et al., 2011; Keller, 1980).
Quantifications
BCR thickness wasmeasured as total tissue thickness in sections of fixed em-
bryos (n = 25) at ten points per embryo. For ease of comparison with in silico
data, thickness is expressed in units of cell diameters at the end of epiboly
approximated to be 20 mm. The number of cell layers was counted at ten
positions in each embryo, one section per embryo.
The direction of protrusionswas estimated as the angle enclosed by the pro-
trusion, the cell centroid, and a line drawn perpendicular to the line of the SL
(Figure 5D, red angle). Angles range from 0 (pointing outward, toward the
SL) to 180 (pointing inward, away from the SL).
Expansion was quantified by measuring the distance of selected cell nuclei
at stage 11 (df). The selected cells were traced back to their ancestors at stage
9 by manual tracing, and the distance of the ancestors’ nuclei (di) was
measured. Expansion for each cell pair is calculated as E = (df  di)/di. The re-
ported expansion of the cell layers is the average of all the measured cell pair
expansions.
Expression levels of C3 for Figures 7C and 7Dweremeasured using ImageJ.
The ISH image was inverted, digitally cleaned of non-specific background
(Subtract Background function in ImageJ), and contrast-enhanced. Gray
levels weremeasured on the image in ten independent selections of the dorsal,
the ventral, and the whole-animal cap regions. These technical repeats estab-
lish the uncertainty of the area selection and their SD is shown in Figure 7D as
error bars.
Statistical Methods
Each experiment was repeated at least three times to ensure the reproduc-
ibility of the results. Due to the nature of Xenopus laevis in vitro fertilization,
at least 200 embryoswere gained for each experiment, which proved to be suf-
ficient for establishing statistical significance in the results. For randomization
purposes, different frogs were used in the experimental repeats. Simulations
were repeated 30 times for all parameter sets. All data proved to be normally
distributed therefore a standard one-sided Student’s t test was used for
assessing significances. All center values reported are averages; spreads
are reported as SDs.
Computational Model
A cellular Potts model was implemented using the CompuCell3D platform
(Swat et al., 2012). Cells in this model are represented as connected domains
on a grid with the cell-free area represented as a special domain. Chemoat-
tractant concentrations are represented on the same grid. Cell dynamics re-
sults from a series of attempts to expand the domains at randomly selected
grid sites. Whether an expansion attempt is accepted or not depends on a
set of rules, which thus determine cell dynamics. Cells are required to maintain
an approximately constant volume. DC chemotaxis is implemented by favor-
ing extensions that occur in the direction of the local chemoattractant gradient.
Chemoattractant production is implemented by maintaining a constant level
of chemoattractant at the sites of producing cells. The chemoattractant is
allowed to diffuse and decay, giving rise to a gradient.
Simulations represent a single-cell-thick quasi-2D section of the BCR. SCs
are initialized as a single layer of cells. To ensure epithelial integrity in the
model, each SC is assigned a neighbor at the start. If the contact area with
a neighbor falls below a threshold, the two neighbors are gently forced to
move toward each other until their contact area is restored above the
threshold. A thin immutable layer is introduced between the SL and DL to pre-
vent any artificial grid effects or DC intercalation in between the SCs. The SCs
are also required to maintain a minimal contact area with this layer at all times.
To implement coupling between the SL and DL, once a DC makes contact
with the SL (that is, the immutable layer), an elastic connection is established
between the DC and the SC immediately above it with a fixed probability. This
connection may be broken if the DC loses contact with the immutable layer, or
the connection reaches twice its original length, or with a given probability.
Such connections have been demonstrated to describe tissue viscosity arising
due to cell-cell contacts in keratinocytes (Cziro´k et al., 2013).
Division of SCs and DCs is implemented by dividing each cell through its
midline once during the simulations. The time of division is determined by a
cell-autonomous internal timer for each cell ensuring asynchronous cell divi-
sions. Since cells do not grow, the volume of the two daughter cells is half
of the volume of the mother cell. DCs divide along a randomly determined
axis. The division plane of SCs is always perpendicular to the SL plane
as described by experimental observations (Longo et al., 2004; Woolner and
Papalopulu, 2012). After cell divisions, all neighbor relations for SCs and
connections between DCs and SCs are re-established.
To achieve neutral lateral boundary conditions that allow expansion of the
tissue and prevent it from collapsing, special lateral boundary conditions
were implemented. Immutable anchor points are introduced 30 lattice sites
from the lateral boundaries of the simulation area. Upon contact, SCs establish
a neighbor connection with the anchor. All SCs that have their center of mass
outside the anchor and are not connected to an anchor are considered outside
the simulation area. In additional, if an SC is outside the anchor and all its
neighbors are connected to the anchor, it is also considered outside the simu-
lation. Connections of such cells are cut and their volume constraint is lifted to
allow them to shrink and eventually be removed from the simulation. Similarly,
DCs outside the line of the anchor without any connections lose their volume
constraint, their ability to connect to any other SCs, and their ability to chemo-
tax. However, if no DC is present in the area below the anchor point, a new DC
is introduced in the simulation at that point.
To achieve mechanical equilibrium of the expanding tissue, a sufficiently
high time resolution was used (Szabo´ et al., 2012).
Built-in routines were used for chemotaxis and secretion for the implemen-
tation. Epithelial integrity, cell divisions, DL-SL interaction, and boundary con-
ditions were implemented as custom steppables.
For more information on the methods, see the Supplemental Information.
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